The plant-derived cannabinoids ⌬ 9 -tetrahydrocannabinol (THC) and cannabidiol (CBD) both have immunosuppressive effects; although some effects of THC are mediated by the CB 2 receptor, CB2 binds CBD weakly. In examining the effects of THC and CBD on microglial proliferation, we found that these compounds potently
T he marijuana-derived cannabinoids ⌬ 9 -tetrahydrocannabinol (THC) and cannabidiol (CBD) each have immunosuppressive effects (1) and are currently in clinical trials for treatment of multiple sclerosis (2) . Although the CB 2 cannabinoid receptor partially mediates the antiinflammatory effects of THC (3), CBD does not bind well to the known cannabinoid receptors (4) ; this low affinity results in the inability of CBD to produce the subjective ''high'' and cognitive effects that are characteristic of marijuana and THC (5, 6) . To date, the mechanism by which CBD decreases inflammation is unknown, although micromolar concentrations of CBD have been shown to inhibit lipoxygenase activity (7) .
In addition to multiple sclerosis, CBD has shown promise in several rodent models of inflammation. Oral treatment with CBD decreases edema and hyperalgesia in a rat paw model of carrageenan-induced inflammation (8) . A single dose of CBD also decreases serum TNF␣ production in lipopolysaccharide (LPS)-treated mice (9) . CBD improves arthritis symptoms and joint pathology in murine collagen-induced arthritis while inhibiting IFN-␥ production and lymph node cell proliferation, as measured by [ 3 H]thymidine incorporation (9) . Treatment with THC also decreases proliferation of lymph node cells as well as splenocytes (10) .
Given the potential of THC and CBD to decrease proliferation in immune cells, we initially examined the effects of several natural and synthetic cannabinoids on microglial cell prolifera-tion by using [ 3 H]thymidine incorporation. Microglia are the resident immune cells of the brain, and their proliferation has been linked to a number of neurodegenerative diseases (11) . However, CBD and THC decreased [ 3 H]thymidine incorporation into EOC-20 microglial cells with no effect on cell cycle. Further experiments demonstrate that this decrease in [ 3 H]thymidine incorporation is due to an inhibition of [ 3 H]thymidine uptake into cells, and that the inhibition extends to uptake of [ 3 H]adenosine.
Release of adenosine is an endogenous mechanism of immunosuppression evoked during cellular stress and inflammation (12) . Uptake of adenosine is a primary mechanism of terminating adenosine signaling; therefore, adenosine uptake inhibitors enhance endogenous activity at adenosine receptors (13) . Antiinflammatory effects of adenosine agonists and uptake inhibitors are similar to the effects of plant-derived cannabinoids. Like CBD, adenosine receptor agonists and uptake inhibitors decrease serum TNF␣ in LPS-treated mice (13) . In addition, THC and adenosine each have the ability to suppress the T helper 1 response while enhancing the T helper 2 response (14, 15) .
Here, we demonstrate that THC and CBD have the ability to inhibit adenosine uptake by acting as competitive inhibitors at the equilibrative transporter. Furthermore, the subsequent enhancement of adenosine signaling by CBD in vivo is responsible for some of the drug's observed antiinflammatory effects, demonstrated by a decrease in serum TNF␣ evoked by LPS treatment.
Results
Cannabinoid Effects on [ 3 H]Thymidine DNA Incorporation. We determined the effects of the plant-derived cannabinoid THC on proliferation of the murine microglial cell line EOC-20, using [ 3 H]thymidine incorporation to measure proliferation. In a 4-h incubation, THC inhibited [ 3 H]thymidine incorporation into EOC-20 microglia with an IC 50 of 370 nM. The cannabinoid CBD, which is also derived from marijuana but has much lower affinity for cannabinoid receptors (16) , likewise inhibited EOC-20 [ 3 H]thymidine incorporation after4hw i t hpotency similar to that of THC ( Fig. 1A) .
A number of synthetic cannabinoids were tested for their ability to decrease [ 3 H]thymidine incorporation, with various effects ( Fig. 1 A) . Specifically, the potent cannabinoid HU-210, which has an affinity for the CB 1 and CB 2 receptors in the picomolar range (16) , was less efficacious than the low-affinity CBD in inhibiting [ 3 H]thymidine incorporation. Whereas SR141716 and the agonist Win 55212-2 inhibited [ 3 H]thymidine incorporation at doses slightly higher than THC or CBD, the receptor-inactive enantiomer S(Ϫ)Win 55212-3 had a potency similar to the active R(ϩ)Win 55212-2. These data suggest an inhibitory effect independent of known cannabinoid receptors.
Both cannabinoid receptors are G protein-coupled receptors that are known to signal through G i/o (17) Fig. 1B ). Furthermore, the inhibitory effects of THC and CBD were not reversed by CB 1 or CB 2 receptor antagonists at concentrations that block cannabinoid receptor activity (SR141716 and SR144528 added at 500 nM, data not shown) (16, 19) .
Analysis of Proliferation. Because proliferation thus far had been measured by incorporation of [ 3 H]thymidine, we used an 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction assay as a second measure of proliferation after cannabinoid treatment. Because this method can be less sensitive than measurement of [ 3 H]thymidine incorporation, we examined proliferation after 24 or 48 h to ensure that possible changes could be seen. As measured by MTT assay, EOC-20 cells treated for up to 48 h with 1,000 nM THC proliferated at 90% of control cells levels; proliferation for cells treated with 1,000 nM CBD over 48 h was 98% of control ( Fig. 1C ). Regardless of cannabinoid effects on [ 3 H]thymidine incorporation, THC and CBD had little to no effect on proliferation as measured by MTT reduction.
We used FACS analysis of propidium iodide-stained cells to directly measure DNA replication after THC treatment. Four hours of treatment with 300 or 1,000 nM THC did not increase the number of cells in G 1 phase or decrease the number of cells inSorG 2 phase ( Fig. 1D ), indicating that THC treatment overall does not decrease DNA synthesis or mitosis in microglia.
Inhibition of Nucleoside Uptake. We determined the effects of cannabinoids on the transport of [ 3 H]thymidine into EOC-20 microglia. To specifically examine inward [ 3 H]thymidine transport, we examined uptake during the first minute after [ 3 H]thymidine addition to the cells. THC and CBD inhibited [ 3 H]thymidine transport and did so with almost identical potency as measured in [ 3 H]thymidine incorporation into DNA experiments ( Fig. 2 ). Synthetic cannabinoids also had similar inhibitory potencies in [ 3 H]thymidine DNA incorporation and [ 3 H]thymidine uptake experiments (r 2 ϭ 0.9954; Fig. 2B ). These data indicate that CBD, THC, and other cannabinoids inhibit thymidine uptake into cells, which results in decreased [ 3 H]thymidine incorporation into DNA.
The nucleosides thymidine and adenosine can be taken into cells by the same transporter (ref. 20; see Fig. 8 , which is published as supporting information on the PNAS web site). CBD inhibited transport of [ 3 H]adenosine into EOC-20 microglia with an IC 50 of 124 nM. THC also inhibited adenosine uptake in EOC-20 microglia with similar potency ( Fig. 3 and Table 1 ). The concentration of cannabinoid required to inhibit either thymidine or adenosine uptake was similar between the two nucleosides (Table 1 ), suggesting a common transporter is being inhibited by these drugs.
To confirm these results in different inflammatory cells, we also examined the effects of CBD and THC on adenosine uptake in the RAW264.7-transformed macrophage line. CBD inhibited adenosine and thymidine uptake in RAW264.7 cells with IC 50 values of 190 and 225 nM, respectively ( Fig. 4 A and B) . THC was slightly less potent than CBD at inhibiting uptake in RAW274.7 macrophages, with an IC 50 of 334 nM for adenosine and 481 nM for thymidine ( Fig. 4 A and B) . As in microglia, HU-210 had no effect on nucleoside uptake in RAW264.7 cells.
Binding to the Equilibrative Nucleoside Transporter (ENT) 1. Because CBD inhibits both adenosine and thymidine uptake with similar efficacy, the drug could inhibit a common nucleoside transporter. There are two subtypes of nucleoside transporter: ENT, which are blocked by the drug S-(4-nitrobenzyl)-6-thioinosine (NBMPR), and concentrative transporters, which are dependent on the presence of extracellular sodium (20) . In EOC-20 and RAW264.7 cells, the majority of adenosine and thymidine transport was NBMPR-sensitive and not affected by sodium removal, suggesting ENT are the primary transporters functioning in these cells ( Fig. 5 ; data not shown).
We examined CBD binding affinity for ENT using competi- Adenosine Mediation of CBD Effects on TNF␣. Adenosine transport inhibitors decrease TNF␣ in LPS-treated mice by increasing the amount of endogenous adenosine available to bind the A 2A receptor (13) . Because CBD inhibits adenosine transport, we hypothesized that the A 2A receptor mediates the decrease in TNF␣ seen with CBD treatment (9) . CBD (1 mg͞kg) before LPS injection was sufficient to significantly decrease TNF␣, compared with vehicle-treated mice (Fig. 7 ). Although this decrease remained unchanged upon coadministration of the A 1 adenosine receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (3 mg͞ kg, i.p.), pretreatment with the A 2A receptor antagonist ZM 
Fig. 5.
Adenosine uptake in EOC-20 cells is mediated by ENT transporters. To demonstrate NBMPR sensitivity, uptake assays were carried out in microglia as described. For sodium-free experiments, the NaCl in normal BSS buffer was replaced with N-methyl-glucamine. Cannabinoids or 100 nM NBMPR was added 30 min before the addition of 3 H nucleoside; uptake was measured for 1 min. Nonspecific uptake was subtracted from the total uptake. Error bars reflect SEM (n ϭ 3). 241385 (10 mg͞kg, i.p.) reversed the effects of CBD on TNF␣ (Fig. 7A ). Neither antagonist alone significantly altered the effect of LPS to increase TNF␣ levels (data not shown). Finally, mice null for the adenosine A 2A receptor were insensitive to the effects of CBD on the TNF␣ response to LPS, compared with wild-type mice of the same strain (Fig. 7B ).
Discussion
We began these studies to characterize the effects of plantderived cannabinoids on microglial proliferation, as measured by incorporation of [ 3 H]thymidine into DNA. THC and CBD dose-dependently decreased DNA incorporation of [ 3 H]thymidine in EOC-20 microglia without affecting cell cycle or total number of cells. Instead, the predominant effect of these plantderived cannabinoids is to decrease nucleoside transport into microglial and macrophage cells. Early reports describe an inhibitory effect of 100 M THC on nucleoside uptake in lymphocytes, but the results were attributed to nonspecific membrane effects, which is very possible given the high concentrations used (22, 23) . CBD also has been shown, at micromolar concentrations, to inhibit norepinephrine, dopamine, and serotonin uptake in synaptosomes and anandamide uptake in cul-tured cells (reviewed in ref. 7) . We found that THC, CBD, and Win 55212-2 each inhibit thymidine and adenosine transport, with IC 50 values in the nanomolar range. Interestingly, although THC and CBD had similar effects on thymidine transport, THC was less efficacious in inhibiting adenosine transport in both microglia and macrophages, with a maximal inhibition of Ϸ60%. Given these data, we suggest that the [ 3 H]thymidine incorporation assay be used cautiously when examining cannabinoid effects on proliferation; the extent of interference due to inhibition of [ 3 H]thymidine uptake or accumulation of extracellular adenosine will doubtless depend on the specific transporters available in the subject cells. Although we saw no significant effects in our MTT experiments, THC and higher concentrations of CBD can decrease proliferation of some inflammatory (10) and cancer (24) cells, as measured by tetrazolium reduction.
Our data indicate that CBD is a competitive inhibitor of adenosine uptake by an ENT. The experimentally derived K d for [ 3 H]NBMPR in untreated cells was Ϸ0.5 nM, which increased 5-fold in the presence of 500 nM CBD. Because the ENT1 subtype is the only transporter with a low nanomolar affinity for NBMPR, this suggests that CBD acts as a competitive inhibitor at the ENT1 transporter. In vivo, this inhibition increases the availability of endogenous adenosine to produce immunosuppression because the effects of CBD on TNF␣ were blocked by an A 2A receptor antagonist and absent in A 2A receptor knockout mice. This mechanism gives rationale to the antiinflammatory activity of CBD identified in other mouse models (8, 9) . However, we cannot rule out the possibility that, in addition to binding to the ENT transporter, CBD could also bind and activate the A 2A receptor.
We have calculated, using the Cheng and Prusoff equation (40) , that the K i for CBD to inhibit adenosine transport is Ϸ0.12 M. Because CBD inhibition is competitive, the potency of CBD to inhibit adenosine uptake in vivo will be dependent on the concentration of adenosine. Assuming a K d value of adenosine for the ENT1 transporter of Ϸ40 M (25, 26) and concentrations of adenosine ranging from 0.8 M in normal human serum to 8 M after septic shock (27) and local concentrations as high as 100 M (28), we determined that the IC 50 of CBD under normal physiological conditions is 0.122 M, which rises to 0.144 M given an adenosine concentration of 8 M and peaks at 0.42 M at adenosine concentrations of 100 M.
There are previous reports of interactions between THC and the adenosine system: antisense toward A 1 receptors blocks THC-induced ataxia (29) , and long-term treatment with THC is known to desensitize cerebellar A 1 receptors (30) . There is also some evidence of dependence on adenosine receptor signaling for cannabinoid effects; for instance, A 2A receptors are required for physical dependence on THC, and THC-induced rewarding and aversive effects are significantly reduced in A 2A -null mice (31) . Inhibition of adenosine uptake by THC could account for these observed interactions.
CBD is an attractive medical alternative to smoked marijuana or plant extract because of its lack of psychoactive and cognitive effects (5), but little is known of its specific effects. The implications for this study are many. First, drugs that enhance adenosine signaling are of clinical interest in treatment of inflammation, the reduction of infarct size following myocardial or cerebral ischemia (20, 32) , and as anti-seizure therapy (33) . Nucleoside transporter inhibitors are also intriguing as adjunct therapy in cancer patients to potentiate the effectiveness of antifolate drugs (34) . CBD is already known to be well tolerated in humans (35) , which has previously been a problem for other nucleoside inhibitor drugs (36, 37) . However, in daily use of CBD or THC, there is a chance for adenosine receptor desensitization; chronic consumption of ethanol, another adenosine transporter inhibitor, results in cell tolerance to adenosine through heterologous desensitization of receptors (38) . For this reason, it is important to determine the long-term effects of marijuana or CBD use on adenosine receptors.
Materials and Methods
Reagents. THC, CBD, SR144528, and SR141716 were obtained through the National Institute on Drug Abuse drug supply program, and CP55,940 was donated by Pfizer Central Research (Groton, CT). HU-210 was a generous gift from R. Mechoulam (Hebrew University, Jerusalem). All other materials, drugs, and radioisotopes used in these studies were obtained from standard commercial sources.
Cell Culture. EOC-20 microglia and RAW264.7 macrophages were obtained from American Type Culture Collection (Manassas, VA) and maintained according to manufacturer's instructions. For EOC-20 cells, 20% LADMAC-conditioned medium (LMCM) was used as a source of macrophage colony-stimulating factor. LADMAC (American Type Culture Collection) is a bone marrow-derived cell line that secretes macrophage colonystimulating factor (39) , and the medium obtained from these cells was titrated for potency in inducing proliferation.
[ 3 H]Thymidine Incorporation Assays. A[ 3 H]thymidine incorporation assay was used to measure proliferation as described (19) , with minor modifications. EOC-20 cells were grown to 60% confluency in complete medium and synchronized by replacing the medium with DMEM. After 24 h of starvation, LMCM was added back to the medium to stimulate cell growth. Cannabinoids (in 1 l of DMSO) and [ 3 H]thymidine (Amersham Pharmacia Biosciences) were added for a 4-h incubation. Cells were washed, macromolecules were precipitated and solubilized, and incorporated [ 3 H]thymidine was determined by scintillation counting.
Cell Cycle Analysis. Cell cycle analysis was done by FACS after staining DNA with propidium iodide. Microglia in 60-mm dishes were starved for 24 h in DMEM and stimulated for 24 h with LMCM. During the final4ho fstimulation, cells were treated with THC or DMSO vehicle. After incubation, cells were washed twice in cold PBS, scraped in 100 l of PBS per dish, pelleted by centrifugation, and resuspended in 100 l of PBS. Cold 95% ethanol (280 l per tube) was added dropwise to each sample while vortexing gently, and samples were incubated for1hat4°C to permeabilize. Pelleted cells were resuspended in 125 lo f ribonuclease (500 units͞ml in PBS), and samples were incubated for 15 min at 37°C before adding 625 l of propidium iodide (50 g͞ml in PBS) per tube. Fluorescence was analyzed on a FACS Scan Flow Cytometer (Becton Dickinson). Cells were gated to exclude cell fragments or fused cells, and cells in each stage were determined as a percentage of total gated cells.
MTT Assay. Microglial cells were grown in 12-well plates to 60% confluency and synchronized by replacing the normal medium with DMEM. After 24 h, drug treatments and LMCM were added. Some wells were designated ''starved controls'' and denied LMCM. After 23 or 47 h of treatment, 100 lo f2 . 5 mg͞ml MTT tetrazolium salt was added to each well, and the plate was returned to a 37°CO 2 incubator for 1 h. Medium was aspirated, 500 l of acidified isopropanol (500 l HCl per 75 ml isopropanol) was added to each well, and the plate was shaken for 5 min. Absorbance at 562 nm was determined in a 200-l aliquot.
Nucleoside Uptake Assays. Unless indicated, assays were carried out at 37°C in Earle's normal balanced salt solution (BSS). Cells grown in 12-well plates were washed once in BSS and preincubated 30 min at 37°C with drug or DMSO vehicle, added in 1 l. Uptake began after addition of 0.5 Ci [ 3 H]adenosine or [ 3 H]thymidine (1 Ci ϭ 37 GBq); after 1 min buffer was rapidly aspirated, and cells were washed once with ice-cold PBS. Cells were solubilized in 0.2 M NaOH͞1% SDS, and radioactivity was determined. Nonspecific uptake was defined as uptake in the presence of 1 mM adenosine or thymidine, which was added 1 min before 3 H nucleotide. For low-sodium medium, NaCl in BSS was replaced with N-methylglucamine at equal molarity.
[ 3 H]NBMPR Binding. EOC-20 cells in 12-well plates were washed once, and the medium was replaced with BSS. CBD was added in 1 l of DMSO, and nitrobenzylthioguanosine (10 M) was used to determine nonspecific binding. After a 30-min preincubation, 0.25-10 nM [ 3 H]NBMPR was added; plates were shaken either in a 37°C water bath or on ice for 30 min then washed with 1 ml of ice-cold PBS. Radioactivity was determined after solubilizing cells in NaOH͞SDS.
LPS Treatment of Mice. All animal studies were carried out in accordance with the National Institutes of Health Guide for the Use and Care of Laboratory Animals. Male ICR or C57BL͞6 mice were pretreated for1hwith1mg͞kg CBD or vehicle (DMSO͞ emulphor͞saline in a 1:1:18 ratio) i.p. After 30 min, mice were given 8-cyclopentyl-1,3-dipropylxanthin, ZM 241285, or vehicle i.p. For ZM 241385, it was necessary to decrease vehicle ratio to 1:1:8; TNF␣ levels from mice treated with this vehicle were indistinguishable from mice treated with 1:1:18 vehicle (data not shown). After drug pretreatment, mice were given LPS in a single 50-l tail vein injection. After 1 h, mice were killed by swift decapitation after anesthesia with isoflurane, and blood was collected. Serum was kept at 4°C overnight and assayed for TNF␣ the next day. TNF␣ Assay. Serum TNF␣ levels were determined by using an ELISA kit from Assay Designs (Ann Arbor, MI). Serum samples were diluted 1:4 (ICR mice) or 1:9 (C57BL͞6 mice) with buffer, and absorbance values were compared with a standard curve generated by using the recombinant TNF␣ provided.
Statistical Analysis. All data were analyzed by using PRISM software (Graphpad, San Diego, CA), and means with standard error (SEM) were determined for collected samples. The K i values for competing ligands were determined from IC 50 values by using the formula of Cheng and Prusoff (40): K i ϭ IC 50 ͞[1 ϩ (radioligand)͞K d ], where the K d is the dissociation constant of the radioligand. IC 50 values for the competitors were determined from nonlinear regression fitting of the concentration response data to the equation: % inhibition ϭ 100͞[1 ϩ 10 (log x Ϫ log IC 50 ) ], where x is the concentration of inhibitor.
The K d and B max values were determined from nonlinear regression fitting of the concentration response data to the equation: bound ϭ B max ϫ x͞ (K d ϩ x) , where x is the concentration of ligand.
To determine statistical significance of samples among multiple groups, one-way ANOVA followed by Bonferroni's posttest was used. When determining statistical differences between two individual groups, an unpaired t test was performed and the exact P value given.
